This mechanism leads to tight allosteric coupling between gates, preventing them from opening simultaneously. Interestingly, the substrate appears to take a ''free ride'' across the membrane without causing major structural rearrangements in the transporter.
In Brief
Unguided simulations initiated from an outward-open crystal structure of a transporter spontaneously reach occluded and inward-open conformations that closely match crystal structures, providing an atomic-level description of the process by which an alternating-access transporter carries a substrate across the cell membrane.
SUMMARY
Transporters shuttle molecules across cell membranes by alternating among distinct conformational states. Fundamental questions remain about how transporters transition between states and how such structural rearrangements regulate substrate translocation. Here, we capture the translocation process by crystallography and unguided molecular dynamics simulations, providing an atomic-level description of alternating access transport. Simulations of a SWEET-family transporter initiated from an outward-open, glucose-bound structure reported here spontaneously adopt occluded and inwardopen conformations. Strikingly, these conformations match crystal structures, including our inwardopen structure. Mutagenesis experiments further validate simulation predictions. Our results reveal that state transitions are driven by favorable interactions formed upon closure of extracellular and intracellular ''gates'' and by an unfavorable transmembrane helix configuration when both gates are closed. This mechanism leads to tight allosteric coupling between gates, preventing them from opening simultaneously. Interestingly, the substrate appears to take a ''free ride'' across the membrane without causing major structural rearrangements in the transporter.
INTRODUCTION
Membrane transporters, which control the flow of a wide variety of molecules into and out of the cell, are generally thought to operate by a common ''alternating access'' model, proposed over 50 years ago (Jardetzky, 1966; Mitchell, 1957) . According to this model, a transporter undergoes structural transitions that alternately expose a substrate-binding site to either side of the membrane. Crystallography has lent support to this model by capturing snapshots of transporters in multiple distinct conformations, including outward-open and inward-open conformations in which the substrate-binding site is accessible to the extracellular and intracellular regions, respectively (Drew and Boudker, 2016; Forrest et al., 2011; Locher, 2016; Palmgren and Nissen, 2011; Yan, 2015) . Fundamental questions about the transport mechanism have proven difficult to tackle, however, despite extensive investigation LeVine et al., 2016; Quistgaard et al., 2016) Molecular dynamics (MD) simulations reveal protein motions at an atomic level and thus appear particularly well-suited to answer these questions in conjunction with crystallography and other experimental techniques (Adelman et al., 2016; Dror et al., 2012; Faraldo-Gó mez and Forrest, 2011; Fukuda et al., 2015; Lee et al., 2016; Li et al., 2015; Watanabe et al., 2010) . Capturing critical events such as the translocation of a substrate through a transporter or the transition of a transporter between its outward-open and inward-open conformation, however, has proven challenging in simulation Shaikh et al., 2013) . This reflects not only the relative scarcity of experimental structures of transporters, but also the large size of many transporters and the intensive computational requirements of MD simulations on the relatively long timescales at which transport occurs. Several elegant studies have provided important insights into these events through atomic-level simulations by relying on biased or guided simulation techniques (Cheng and Bahar, 2014; Gu et al., 2009; Liu et al., 2015; Moradi et al., 2015; Moradi and Tajkhorshid, 2013; Shimamura et al., 2010) , but the artificial forces generally used to accelerate transitions in such simulations might give rise to unphysical transition pathways, complicating the mechanistic interpretation of these simulations.
To overcome this barrier, we focused on a ''minimal'' alternating access transporter, the sugar transporter SemiSWEET. SemiSWEET is among the smallest characterized transporters (< 20 kDa), has a simple geometry (a symmetric dimer of threehelix bundles), and is thought to transport a single substrate rather than engaging in coupled transport Xuan et al., 2013) . The structure of SemiSWEET, a SWEET family transporter found in bacteria, mimics the core of the eukaryotic SWEET transporter (Tao et al., 2015; Xuan et al., 2013) . Members of the widespread SWEET family of sugar transporters play critical roles in many important biological processes in plants, including phloem loading, nectar secretion, pollen development, seed filling, and host-pathogen interactions, and are important regulators of metabolic homeostasis in animals Chen et al., 2010; Wright, 2013) .
Recent crystal structures have captured several distinct conformations of SemiSWEET (Lee et al., 2015; Wang et al., 2014; Xu et al., 2014) . These conformations were captured in orthologous proteins from different species, however, and structural deviations caused by sequence divergence thus complicate their interpretation ( Figure S1 ). A full set of conformations in a single SemiSWEET isoform is needed to ascertain the precise conformational changes that constitute the transport cycle. Furthermore, none of the existing structures for any SWEET family transporter has had a known substrate bound, and thus, the basis for substrate recognition in this family has been unclear. And, of course, the fundamental mechanistic questions that remain unanswered for other transporters apply to SemiSWEET, as well.
We report crystal structures of both outward-open and inwardopen conformations of L. biflexa SemiSWEET (LbSemiSWEET), with the substrate glucose bound in the former. Together with the previously reported structure of an occluded conformation, in which the substrate-binding pocket is open to neither the inside nor the outside of the cell , experimental structures of all three conformations are now available for a single SemiSWEET ortholog. To the best of our knowledge, such a complete set of structures was not previously available for any uniporter or SWEET family transporter.
Using the glucose-bound SemiSWEET structure as a starting point, we performed unguided atomic-level MD simulations of the glucose translocation process, capturing the spontaneous transition of the transporter from its outward-open to its inward-open conformation. We also performed simulations of glucose-free SemiSWEET and captured a similar spontaneous conformational transition in the absence of substrate. Both sets of simulations spontaneously reached the experimentally observed occluded and inward-open conformations even though these experimental structures were not used to inform the simulations. These results, further validated through mutagenesis experiments, allow us to describe an alternating access transport mechanism in atomic detail. In particular, they enable us to describe the sequence of conformational changes that gives rise to substrate translocation, the forces that drive these conformational changes, and the nature of the allosteric coupling that ensures that the substrate-binding pocket is not simultaneously accessible from both sides of the membrane.
RESULTS
Determination of a Substrate-Bound, Outward-Open Crystal Structure To determine the structure of LbSemiSWEET in an outwardopen state, we designed a mutation predicted to favor this conformational state. In the previously reported occludedstate crystal structure , a network of interactions between the two protomers near the extracellular and intracellular surfaces seal the substrate-binding cavity from solvent ( Figure S2A ). We reasoned that mutations that disrupt interactions on the extracellular surface might favor an outward-open conformation. Indeed, a mutant in which the extracellular residue Asp57 was replaced by alanine (D57A) crystallized in an outward-open conformation, yielding a crystal structure with a resolution of 2.8 Å ( Figure 1A and Table S1 ).
Notably, the D57A mutant exhibited more than double the glucose affinity of the wild-type (WT) (apparent Km of $70 mM for D57A and $160 mM for the WT; Figure 1B) , and the growth of these crystals depended on the presence of glucose. After all protein atoms were modeled for the outward-open D57A LbSemiSWEET, we observed a strong electron density in the substrate-binding pocket that fits the transporter substrate, glucose ( Figure 1A ). We were thus able to place glucose into the density, and the resulting pose proved compatible with the local protein environment. This substrate-bound structure of a SWEET-family transporter provides insight into the structural basis for substrate recognition in these transporters (discussed below). It also provides a starting point for simulations of substrate translocation.
Simulations Capture Alternating Access Transport in Action
We initiated all-atom MD simulations of LbSemiSWEET from the glucose-bound, outward-open crystal structure (20 simulations totaling 66.8 ms). We performed additional simulations beginning from the same crystal structure but with glucose removed (20 simulations totaling 57.8 ms). In all simulations, we placed the transporter in a hydrated lipid bilayer and reverted residue 57 to its WT identity (Asp). The complete set of simulation conditions and durations is listed in Table S2 .
In several simulations (four with glucose and four without), the transporter transitioned spontaneously from its outward-open conformation to an inward-open conformation, in which the binding cavity was accessible to solvent from the intracellular side ( Figure 2A ). The magnitude of this conformational change was substantial, with individual helices displacing up to 5 Å from their starting position. Interestingly, the simulations that transitioned to the inward-open conformation first visited a metastable, occluded conformation, in which the binding pocket was inaccessible to solvent from either side of the membrane. The simulations that did not transition to an inward-open conformation remained in the outward-open conformation, apart from three that ended in the occluded conformation.
Interestingly, our simulations indicate that the conformational states visited in simulation with glucose bound are essentially identical to those without any substrate present ( Figure 6 ). In addition, the sequence of events involved in the transition from the outward-open to inward-open conformation appears to be the same in the presence and absence of glucose ( Figure S4 ).
Our simulations also captured the substrate translocation process ( Figure 2B ). In six of the simulations initiated from the glucose-bound, outward-open structure, glucose dissociated from the transporter into the extracellular solvent, while the transporter remained in the outward-open conformation. In one of these simulations, glucose later re-associated with the transporter, which was still in an outward-open conformation. In one of the glucose-bound simulations in which the transporter transitioned to an inward-open conformation, glucose subsequently unbound from the substrate-binding site and translocated to the intracellular surface of the transporter.
Crystallographic Validation of Simulated Conformational States
To validate our simulations, we sought to solve the structure of LbSemiSWEET in an inward-open conformation. We reasoned that mutations that disrupt interactions on the intracellular side might favor an inward-open conformation. We designed a mutant in which the intracellular residue Gln20 was replaced by alanine (Q20A). This construct crystallized in an inward-open conformation (albeit in a domain-swapped configuration; see STAR Methods; Figure S2 ), yielding a crystal structure with a resolution of 2.8 Å ( Figure 3A) , which closely matches a previously published inward-open structure of E. coli SemiSWEET (Lee et al., 2015) .
Strikingly, simulations initiated from the outward-open crystal structure transitioned to a conformation that matched our inward-open structure very closely ( Figure 3B) . Indeed, the deviations of the simulations from the inward-open crystal structure after this transition were comparable to the deviations of a simulation initiated from an inward-open crystal structure (Figure S3A ). The observed deviations most likely represent thermal fluctuations.
Additionally, the occluded intermediate conformation visited during simulations of the outward-open to inward-open conformational transition very closely matched the previously published occluded-state crystal structure of LbSemiSWEET (Figure 3B ). This suggests that the occluded conformation is in fact an on-pathway intermediate visited as part of the transport process. Additional simulations initiated from the occluded-state crystal structure, both with and without glucose added to the substrate-binding pocket, also transitioned spontaneously to the same inward-open conformational state seen in simulations initiated from the outward-open conformation.
None of the simulations initiated from the outward-open or occluded states incorporated any prior knowledge of the crystallographically observed inward-open conformation, so the fact that they reached it spontaneously provides an indication of their predictive power. The same is true for simulations initiated from the outward-open state that reached the crystallographically observed occluded state without incorporating any prior knowledge of the occluded state structure. We further validated our simulations through a number of mutagenesis experiments, discussed below.
Mechanism for Conformational Change in Alternating Access Transport
The most notable conformational changes in the transition from an outward-open to an inward-open conformation are the closing of an extracellular gate and the opening of an intracellular gate. These two gates appear to control the accessibility of the substrate-binding pocket to the extracellular and intracellular solvent, respectively. Both gates are formed by residues at the interface between the two symmetric protomers that make up SemiSWEET. The extracellular gate consists of residues Tyr51 of the second transmembrane helix (TM2) and Ile60 of TM3 (immediately above the substrate-binding pocket) and Arg55 and Asp57 (near the extracellular surface) ( Figure 4A ). The intracellular gate consists of residues Phe17 on TM1 and Phe41 on TM2 (immediately See also Figure S1 and S2 and Table S1 .
beneath the substrate-binding pocket) and Met37 and Tyr38 on TM2 (near the intracellular surface) ( Figure 4A ). We found that each outward-open to inward-open transition began with closure of the extracellular gate ( Figure 4B ). In particular, TM3 tilted such that its extracellular end moved inward toward the central axis of the transporter, accompanied by a smaller inward motion of the extracellular end of TM2. This movement, which usually took place either simultaneously or within a few hundred nanoseconds in both protomers, resulted in tight packing between the extracellular gate residues Ile60 on TM3 and Tyr51 on TM2 of the opposite protomer ( Figure 4A ). As a result, the substrate-binding pocket became sealed from the extracellular or intracellular solution. Upon inward displacement of TM3, cross-protomer ionic contacts also formed between Asp57 and Arg55, although these contacts appeared less stable, breaking and reforming intermittently. Notably, the transporter persisted in this state with both extracellular and intracellular gates closed for up to several hundred nanoseconds ( Figure S4 ).
The outward-open to inward-open transition concluded with the intracellular gate opening. In particular, the intracellular end Table S2. of TM1 kinked at Pro19, with Phe17 flipping to point away from the central translocation path, packing instead against TM3 (Figures 4A and 4B) . Again, this movement usually took place in the two protomers simultaneously or almost simultaneously (within a few tens of nanoseconds). These motions were accompanied by outward displacement of TM2, which caused Met37, Tyr38, and Phe41 to shift away from the central substrate translocation pore, exposing the binding pocket to solvent.
Closure of the extracellular and intracellular gates, which is tightly linked to larger motions of the helices, appears to be driven by formation of favorable contacts between the gate residues. Hydrophobic and electrostatic interactions stabilize the closed state of the extracellular gate, and hydrophobic and aromatic interactions stabilize the closed state of the intracellular gate ( Figure 4A ). These contacts also appear to be responsible for the cooperativity of conformational changes across the two protomers: formation of the most favorable set of contacts requires that both sides of a gate be in the closed conformation, so once one side closes, the other is more likely to adopt a closed conformation, and once one side opens, the other is more likely to open.
But what drives the gates to open? And why does the intracellular gate generally open only after the extracellular gate closes? Such negative cooperativity between the two gates is critical because it prevents the ''forbidden state'' in which both gates are open, resulting in a continuously conducting pore (King and Wilson, 1990) . The intracellular gate is apparently driven to open because TM1 energetically favors a conformation in which it is kinked at Pro19, allowing the formation of backbone hydrogen bonds between Thr13 and Phe17 and between Thr14 and Leu18. In simulations of an isolated TM1, the helix quickly adopts a kinked conformation matching that observed in the inward-open state, with the inner gate residue Phe17 favoring the rotamer it adopts in the inward-open state ( Figure S5 ). The kinking of TM1 is apparently prevented in the outward-open state, however, by favorable packing interactions between TM1 and TM3 ( Figure 5 ). Upon extracellular gate closure, TM3 tilts such that its extracellular end moves inward, causing TM1 to We validated these results through several mutagenesis experiments. Our simulations indicated that Ile60, Tyr51, and Table S2 .
Phe17 play a critical role in the gating process ( Figure 4A ). In particular, transition of the protein backbone from the outwardopen to the occluded state was tightly coupled with the formation of cross-protomer packing contacts between Tyr51 and Ile60, and Phe17 is the primary residue whose motion is responsible for opening a pathway to the substrate-binding pocket on the intracellular side. Indeed, we found that alanine substitution of each of these three residues ablated glucose uptake (Figure 4C ). An additional mutant, Y38A, also significantly reduced glucose transport, perhaps because Tyr38 might stabilize the closed conformation of Phe17 by forming a hydrophobic packing interface in the core of the transporter. By contrast, alanine mutation of several other residues that form part of the crystallographically observed extracellular and intracellular gates, such as Asp57, Arg55, Met37, and Phe41, had no significant effect on transporter activity. Indeed, in simulations of D57A and I60A mutants initiated in the outward-open conformation (five simulations of each construct, each 3 ms in duration; see Table S2 ), we observed two transitions to the occluded state for D57A, but none for I60A. This is consistent with the observation that a bulky, hydrophobic residue at position 60 facilitates closure of the extracellular gate.
Structural Basis for Substrate Translocation
Perhaps our most striking observation about the substrate translocation process is what the substrate does not do. Comparing simulations with and without substrate bound indicated that the transporter visits the same conformational states and undergoes the same conformational transitions with and without substrate bound ( Figure 6 and Figure S4 ). In other words, the substrate appears to take a ''free ride'' across the membrane as the transporter undergoes the same conformational changes it would have even in the absence of substrate, although the substrate might alter the relative energies of the various conformations or the transition rates between them. How does glucose interact with SemiSWEET? In the outwardopen crystal structure, the glucose ring lies in a vertical plane off-center from the two-fold axis of the protein and partially sandwiched between the pyrrole rings of Trp48 on each protomer. Asn64 and Thr13 on only one protomer directly coordinate substrate hydroxyl groups ( Figure 7A ). Compared with other sugar transporter structures, in which multiple residues appear to directly coordinate with substrate (Cao et al., 2011; Deng et al., 2014; Faham et al., 2008; Kumar et al., 2014; Oldham et al., 2007 ), SemiSWEET appears to form fewer direct hydrogen bonds with glucose in this outward-open state.
In simulations of the glucose-bound, outward-open crystal structure, glucose was quite mobile. It maintained its vertical orientation and its interactions with both Trp48 residues, but shifted within its vertical plane. It alternated frequently between hydrogen bonding directly with one Asn64 residue or the other, often forming a water-mediated interaction with the second Asn64 residue. The glucose molecule formed only weak and intermittent interactions with Thr13.
Simulations indicate that, in the occluded and inward-open states, the substrate-binding pocket narrows, such that glucose forms hydrogen bonds with both Asn64 residues simultaneously ( Figure 6B ). As a result, glucose becomes less mobile, particularly in the occluded state. Glucose maintains its interactions with both Trp48 residues and continues to interact intermittently with Thr13. In the absence of substrate, water molecules form extensive hydrogen bonds with the binding pocket, substituting for the hydrogen bonds formed by glucose when it is present ( Figure S6 ).
When glucose escaped from the outward-open state in simulation, it moved directly into the extracellular bulk solvent. By contrast, to escape from the inward-open state, it first rotated roughly 90 around the membrane axis to move between the Phe17 gate residues before continuing farther down to contact the intracellular loops ( Figure 7C ). Both the interactions the substrate forms in the substrate-binding pocket (particularly in the occluded and inward-open states, when the binding pocket narrows) and the pathway the substrate follows to escape the transporter may place geometric constraints on the types of molecules that can diffuse through SemiSWEET.
We validated the significance of key binding pocket residues through additional site-directed mutagenesis experiments. Our simulations suggest that Trp48 and Asn64 play a particularly critical role in coordinating the substrate. Indeed, we found experimentally that alanine substitution at Trp48 and Asn64 ablated glucose uptake ( Figure 7B ), in agreement with previous studies (Xu et al., 2014) . Notably, Trp48 and Asn64 are conserved across TM2 of one protomer (yellow) and TM1 and TM3 of the opposing protomer (purple) are shown. The other, identical set of three helices is omitted for clarity. Gray bars represent closed extracellular and intracellular gates, and black circles represent helical packing interactions. In the outward-open state (left), TM1-which, if isolated, tends to kink about a centrally located proline residue-instead assumes a straightened conformation stabilized by packing interactions with TM3. Closure of the extracellular gate, which involves a substantial motion of TM3, leads to a loss of packing interactions between TM1 and TM3. In this more ''isolated'' environment, TM1 kinks, opening the intracellular gate. This cartoon is intended as a two-dimensional schematic rather than an accurate representation of SemiSWEET's three-dimensional geometry. The inward motion of the extracellular end of TM3 upon closure of the extracellular gate also causes TM1 to shift slightly away from the center of the helical bundle. This smaller motion is not illustrated in the cartoon but appears to contribute to the loss of TM1-TM3 packing interactions upon extracellular gate closure. See also Figure S5 .
SemiSWEETs, consistent with a critical role in transport . Our simulations indicate that Thr13 interacts with the substrate less frequently than Asn64 interacts with substrate, and indeed, mutating it to alanine only partially ablated glucose uptake (Figures 7 and S7 ).
DISCUSSION
In an attempt to characterize the dynamic mechanism of an alternating access transporter in atomic detail, we studied a ''minimal'' transporter, LbSemiSWEET. To our surprise, we were able to capture the process of substrate translocation, including the transporter's spontaneous transition from an outward-open to an inward-open conformation, using unbiased atomic-level simulations. This was most likely possible not only because we performed extensive, computationally demanding simulationsmore than 175 ms in total-but also because LbSemiSWEET apparently undergoes this central conformational transition on shorter timescales than many other transporters. To enable these simulations, we solved a glucose-bound, outward-open crystal structure of LbSemiSWEET. Importantly, simulations initiated from the outward-open structure arrived spontaneously at conformational states closely matching both our newly determined inward-open crystal structure and a previously reported occluded-state structure even though the simulations were completely unguided and did not draw on any structural information other than their initial conformation.
Our simulations, together with the crystal structures and mutagenesis experiments, suggest that several principles underlie alternating access transport in LbSemiSWEET and possibly in various other alternating access transporters. First, the favorable interactions between gate residues when either gate closes represent one of the main driving forces for conformational change in LbSemiSWEET-that is, our data suggest that the gate residues play a dual role; they appear not only to block passage of the substrate but also to stabilize the closed conformation of the gate. In SemiSWEET, which consists of two identical and symmetric protomers, these gate interactions can also lead to cooperativity between the two protomers: the gate residues of one protomer are more likely to adopt a closed conformation Figure S6 and Table S2. when the corresponding gate residues of the other protomer do so because many of the favorable interactions between these residues take place only when both halves of a gate are closed. Favorable interactions between gate residues may drive conformational change even in transporters that consist of dissimilar or asymmetric units (Fowler et al., 2015; Quistgaard et al., 2016; Stelzl et al., 2014) .
Second, the crystallographically observed occluded state of LbSemiSWEET appears to be an on-pathway intermediate between the outward-open and inward-open states. Crystal structures and biophysical measurements have revealed occluded states in multiple transporter families (Fukuda et al., 2015; Kaback, 2015; Kazmier et al., 2014; Madej et al., 2012; Pedersen et al., 2013; Sun et al., 2012; Yamashita et al., 2005; Yin et al., 2006) , and these are generally hypothesized to represent on-pathway intermediates (Fukuda et al., 2015; Kaback, 2015; Kazmier et al., 2014; Madej et al., 2012) . Demonstrating that this is in fact the case has been difficult, however, because it requires time-resolved measurements (Akyuz et al., 2015) . Several previous simulation studies pointed in this direction (Adelman et al., 2011; Holyoake and Sansom, 2007; Koldsø et al., 2011; Stelzl et Third, the occluded state plays a critical role in coordinating motions of the inner and outer gates: the gates are only driven to open in the occluded state because TM1 assumes an unstable configuration that can be stabilized by the opening of either gate. The occluded state thus acts as an ''air lock'' that ensures that one gate will generally close before the other opens and thus that the two will generally not be open simultaneously (Forrest, 2013; Stelzl et al., 2014) . Here, we provide a possible answer to the long-standing question of the mechanism underlying negative cooperativity between gates in a transporter.
Finally, our results support a model in which glucose takes a ''free ride'' through LbSemiSWEET, with the transporter adopting the same conformations and undergoing the same transitions in the presence and absence of the substrate. This is in contrast to the conformational changes previously described (C) Extracellular (left) and intracellular (right) glucose dissociation paths shown using overlaid, down-sampled frames taken from simulation 3 and simulation 9, respectively. See also Figure S7 and Table S2. for a number of coupled transporters (e.g., symporters and antiporters), which require coordinated movement of two or more substrates (Ewers et al., 2013; Kaback, 2015; Masureel et al., 2014; Moradi et al., 2015; Verdon et al., 2014 inward-open transition both in the presence and absence of glucose; at equilibrium, the forward and reverse pathways for each transition are the same due to microscopic reversibility. Second, we also did not capture the final release of substrate from the intracellular loops into cytosol. Third, although we observed a consistent sequence of events in the eight simulations that transitioned from the outward-open state to the inward-open state, with extracellular gate closure preceding intracellular gate opening, other sequences of events may occur occasionally. Finally, we have examined only a single alternating access transporter. Our findings for this transporter may provide a foundation for understanding alternating access transport more generally, but substantial structural, biophysical, and computational investigation will be required to determine the extent to which the principles underlying transport in SemiSWEET carry over to other transporter systems.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
LbSemiSWEET for crystallography and liposome reconstitution was overexpressed in E.coli BL21 (DE3) grown in LB. Protein expression was induced by 0.2 mM IPTG and cells were incubated overnight at 22 C. Cell-based radioactive glucose uptake assays were performed using E. coli strain JM1100, a glucose-transporter deficient strain. Cells were incubated at 37 C and induced by IPTG for 30 min.
METHOD DETAILS Expression and purification of SemiSWEET
LbSemiSWEET with a C-terminal 3C protease recognition sequence and 10xHis-tag was cloned into pJexpress411 (DNA2.0). Transformed E. coli BL21 (DE3) cells were grown at 37 C until the OD 600 reached 0.6 and the temperature was lowered to 22 C. Overexpression was induced by 0.2 mM isopropyl b-D-thiogalactoside (IPTG) and incubated overnight. The pelleted cells were resuspended in a TBS containing 50 mM Tris-HCl, pH 8.0, and 150 mM NaCl and were lysed by sonication. The lysate was solubilized in 2% (w/v) dodecyl-b-D-maltopyranoside (DDM; Anatrace) for two hours at 4 C and then centrifuged at 16,000 rpm to pellet insoluble debris. SemiSWEET was isolated from the supernatant by affinity chromatography using HisPur cobalt resin (ThermoScientific) pre-equilibrated with TBS with 0.1% DDM. SemiSWEET was eluted from the column by cleaving the His-tag off using 3C protease. Protein was further purified by gel filtration (Superdex-200, GE Healthcare) in a buffer containing 10 mM Tris-HCl, pH8.0, 150 mM NaCl, and 0.03% DDM. Peak fractions were pooled, concentrated, flash frozen in liquid N 2 , and stored at À80 C.
Crystallization
The LbSemiSWEET mutants D57A and Q20A were reconstituted in a 1:1.5 (wt/wt) ratio with the lipid 1-(11Z-octadecenoyl)-rac-glycerol (monovaccenin, 11.7 MAG) and 1-(9Z-hexadecenoyl)-rac-glycerol (monopalmitolein, 9.7 MAG), respectively (NU-CHEK PREP Inc). Approximately 25 nL of reconstituted protein solution was deposited onto glass plates and coated with 650 nL of precipitant. D57A crystals grew within one week in a precipitant solution consisting of 50 mM tris pH 8, 100 mM LiSO 4 , 35% PEG 400, and 40 mM glucose. Q20A crystals appeared within two days in a precipitant solution containing 50 mM sodium acetate pH 4.5, 100 mM ZnCl 2 , and 16% PEG 400. Crystals were harvested after one to two weeks using mesh grid loops (MiTeGen) and flash frozen in liquid N 2 .
Structure determination Diffraction data collection was carried out at the Advanced Photon Source beamline 23ID-D. LbSemiSWEET D57A data processing was done using the HKL2000 software package (Otwinowski and Minor, 1997) . LbSemiSWEET Q20A data from multiple crystals were integrated by XDS (Kabsch, 2010) implemented in RAPD (https://github.com/RAPD/RAPD). Initial phases were determined by molecular replacement using the occluded-state LbSemiSWEET structure [PDB: 4QNC] as the search model in PHASER (McCoy, 2007) . For the Q20A structure, intracellular loops were removed from the search model prior to molecular replacement. In each case, an initial round of deformable elastic network (DEN) refinement was performed using 4QNC as a reference (Schrö der et al., 2010) , which led to significant improvement of the model with substantial conformational changes. For both crystal structures, iterative manual model building in Coot and refinement in Phenix were performed to generate the final models (Adams et al., 2010; Emsley and Cowtan, 2004) . All images of crystal structures were rendered in PyMOL (DeLano, 2008) . One asymmetric unit cell of the Q20A crystal contains four copies of protomers; two form near-identical crystallographic homodimers (conformation I) while the other two associate into a dimer in a slightly different conformation (conformation II). At the final stage of model building and refinement, it became evident that that TM1 was swapped between two layers of oppositely stacking SemiSWEET dimers ( Figure S2B ). While all three transporters are in an apparent inward-facing conformation, the transporters in conformation I closely resemble a previously published inward-open E.coli SemiSWEET structure ( Figure S2C ). In conformation II, a non-native c-terminal 3C ''scar'' extends into the central pore, forming crystal lattice contacts and potentially distorting the local structure ( Figure S2D Cell-based uptake assay The LbSemiSWEET mutants were cloned into pQE-80L (QIAGEN) and transformed into the glucose transporter-deficient E. coli strain JM1100 (Yale Coli Genetic Stock Center). An empty pQE-80L plasmid was used as a control. Fresh cultures were induced at an OD 600 of 1.5 with 50 mM IPTG for 30 min at 37 C. Cells were washed twice with a buffer containing 5 mM MES pH 6.5 and 150 mM KCl (MK buffer). Cells were resuspended in MK buffer to an OD 600 of 2.0. Glycerol was added to a final concentration of 20 mM to energize cells for five minutes at room temperature. A mixture of 1 mM D-glucose and 2 mM D-[ 14 C]glucose was then added to start the uptake. After a one-minute incubation, cells were collected on a 0.22 mm filter, washed three times quickly with ice-cold MK buffer, and subjected to scintillation quantification. All inactive mutants were tested for expression by western blot unless previously confirmed to express at the WT level. Mutants that showed low levels of expression compared to WT were additionally tested by the liposome-based uptake assay ( Figure S7A and S7B).
Liposome-based uptake assay Purified protein of LbSemiSWEET and its mutant was reconstituted into E. coli polar lipid (Avanti) at an 80:1 lipid-to-protein ratio according to a previously published protocol (Veenhoff and Poolman, 1999) . Proteoliposomes were extruded through a 0.4 mm membrane, collected by ultracentrifugation at 100,000 g for one hour, and washed twice with 50 mM potassium phosphate, 2 mM MgSO 4 , pH 4.5 (KPM buffer). Liposomes were resuspended in KPM buffer at 100 mg/mL. Uptake was initiated by the addition of 2 mL liposome to 100 mL of KPM buffer containing 2 mM glucose and 2 mM of D-[ 14 C]glucose. After a five-minute incubation, the liposomes were collected on 0.22 mm filters (Millipore) and washed with 1 mL cold KPM buffer twice. Filters were then incubated with 4 mL scintillation fluid for quantification.
Western blot E. coli cells expressing WT LbSemiSWEET and mutants were prepared the same way as for the cell-based uptake assay. Cell pellets were resuspended in TBS and lysed by milling with 0.5 mm glass beads (BioSpec). Lysates were transferred to a new tube and DDM was added to a final concentration of 2%. Following two hours of solubilization at 4 C, the lysates were spun at 16,000 g and the supernatants were collected and quantified. Lysates were brought to an equal total protein concentration based on OD 280 before being loaded onto an SDS-PAGE gel. The protein was transferred to a nitrocellulose membrane and blocked for one hour in TBS with 5% BSA (Fisher Scientific) and 0.2% Tween-20 (AMRESCO). The membrane was incubated with anti-His mouse primary antibody (QIAGEN) overnight. Following washing with TBS-BSA-Tween buffer, the membrane was incubated with peroxidase-conjugated anti-mouse secondary antibody (Sigma) for one hour before washing and addition of peroxidase substrate (Thermo Scientific). The membrane was visualized using a CCD imager.
System setup for molecular dynamics simulations Simulations of LbSemiSWEET were initiated from the glucose-bound, outward-open crystal structure described in this manuscript and from the previously published occluded state crystal structure (PDB ID: 4QNC) . Simulations of E. coli SemiSWEET (EcSemiSWEET) were initiated from a previously published inward-open crystal structure (PDB ID: 4X5M) (Lee et al., 2015) . Wild-type SemiSWEET was simulated under five conditions: (1) the glucose-bound, outward-open crystal structure, reported in this manuscript; (2) the same outward-open crystal structure reported here but with glucose removed; (3) the occluded state crystal structure, without glucose; (4) the occluded-state crystal structure with glucose bound, prepared by aligning the occluded and outward-open crystal structures to each other and then inserting glucose in its outward-open orientation into the occluded-state crystal structure; and (5) the inward-open crystal structure from EcSemiSWEET. We also performed simulations of two SemiSWEET mutants, D57A and I60A, starting from the glucose-bound, outward-open structure described here. Finally, we performed simulations of an isolated transmembrane helix 1 (residues 1-28 of chain A) starting from its conformation in the outward-open structure. All proteins simulated, including the isolated transmembrane helix 1, were embedded in a hydrated lipid bilayer, as described below. We did not perform simulations of the LbSemiSWEET inward-open crystal structure, as the domain swap left uncertainty in the structure of the intracellular loop regions. We performed multiple replicates for each simulation condition (Table S2) . For each replicate, initial atom velocities were assigned randomly and independently.
Coordinates were prepared by removing all non-substrate and non-protein molecules for both structures. Prime (Schrö dinger) was used to model missing side chains, and protein chain termini were capped with neutral acetyl and methylamide groups. Titratable residues remained in their dominant protonation state at pH 7. The D57A mutation present in the outward-open crystal structure was reverted to its WT identity, Asp57, for simulations of WT SemiSWEET. For simulations of the occluded crystal structure, Dowser software was used to add waters to cavities within the protein structure (Hermans et al., 2003; Zhang and Hermans, 1996) , including the glucose-binding pocket. In the second round of simulations, as denoted in Table S2 , Dowser software was used to add waters to WT and mutant simulations started from the outward-open structure. The prepared protein structures were then aligned to the Orientations of Proteins in Membranes (Lomize et al., 2006) entry for 4QNC (for LbSemiSWEET) and 4X5M (for EcSemiSWEET) using MacPyMOL. Each prepared structure was inserted into a hydrated, pre-equilibrated palmitoyl-oleoyl-phosphatidylcholine bilayer. Sodium and chloride ions were added to neutralize the system at a concentration of 150 mM. Membrane dimensions were chosen to maintain approximately a 35 Å buffer between protein images in the x-y plane and a 20 Å buffer between protein images in the z dimension. Final system dimensions are listed in Table S2 for each simulation condition.
MD simulation protocols
For all simulations, we used the CHARMM36 force field for proteins, lipids, ions, and glucose and the TIP3P model for waters (Best et al., 2012a; Best et al., 2012b; Guvench et al., 2009; Huang and MacKerell, 2013; Klauda et al., 2010) .
We performed each simulation with 2.5 fs time steps using the Compute Unified Device Architecture (CUDA) version of ParticleMesh Ewald Molecular Dynamics (PMEMD) in AMBER on two graphics processing units (GPUs) (Case et al., 2014; Le Grand et al., 2013; Salomon-Ferrer et al., 2013) . Initial simulations were performed using AMBER14. The second round of simulations, as denoted in table S2, was performed using AMBER15 software. Systems were heated from 0K to 100K in the NVT ensemble over 12.5 ps and then from 100K to 310K in the NPT ensemble over 125 ps, using 10.0 kcal mol À1 Å À2 harmonic restraints applied to lipids, protein, and substrate. Systems were then equilibrated at 310 K in the NPT ensemble at 1 bar, with harmonic restraints on all protein heavy atoms tapered off by 1.0 kcal mol À1 Å À2 starting at 5.0 kcal mol À1 Å À2 for six consecutive steps, each for 2.0 ns. Production simulations were performed in the NPT ensemble at 310K and 1 bar, using a Langevin thermostat for temperature coupling and either a Monte Carlo or Berendsen barostat for pressure coupling. Simulations used periodic boundary conditions. Bond lengths to hydrogen atoms were constrained with SHAKE. The non-bonded interaction cut-off for electrostatics calculations was set to 9.0 Å , and Particle-Mesh Ewald was used to compute long-range electrostatics interactions, with an Ewald coefficient of approximately 0.30 Å À1 and a B-spline interpolation of order 4. The Fourier transform grid size was chosen such that the width of a grid cell was approximately 1 Å .
Analysis protocols for MD simulation Trajectory snapshots were saved every 100 ps during production simulations. The AmberTools14 CPPTRAJ package was used to reimage and center trajectories (Roe and Cheatham, 2013) . Simulations were visualized and analyzed using Visual Molecular Dynamics (VMD) (Humphrey et al., 1996) . Plots were generated using VMD and smoothed using a moving average with a window size of 10 ns unless otherwise indicated and visualized using the PyPlot package from Matplotlib (Hunter, 2007) . For measuring the inward displacement of TM3 during occlusion of the extracellular gate, we determined the movement of the same atom (Ile60-Ca) in each protomer of the protein by computing the distance of those coordinates in time to a point along the axis orthogonal to the membrane plane. We defined the reference point as the original midpoint between the two atoms in the outward-open crystal structure, and we projected the current atom position onto the line defined by the original separation of the two atoms in the crystal structure.
We computed the average Ca RMSD of the simulated transporter to a given crystal structure at each point in time over the course of each simulation, using the conformations of the extracellular and intracellular gate to mark the transition between distinct conformational states (i.e., outward-open, partially occluded, occluded, and inward-open). We classified an extracellular gate as closed if each Ile60 residue had moved at least 1.5 Å inward toward the center of the helical bundle, and as open otherwise. We classified the intracellular gate as open if the X1 dihedral angle (C-Ca-Cb-Cg) of each Phe17 residue had rotated at least 90 from its position in the outward-open crystal structure. We then used the classified frames to compute ensemble average structures representing each of the three conformational states with and without glucose. The RMSD of the ensemble average structure to each corresponding crystal structure is reported in Figure S4 To quantify interhelical packing between TM1 and TM3, we used the built-in VMD contacts function to count the number of contacts between all non-hydrogen atoms in the region of TM1 near the proline-mediated kink (residues 10-22) and all non-hydrogen atoms in TM3 (residues 57-80). We also used the built-in VMD hydrogen bond finding function with an angle cutoff of 60 and a heavy atom donor-acceptor distance of 3.5 Å to detect hydrogen bonds along the backbone of TM1. Finally, to calculate the global bend angle in TM1, we identified three vertices using the center of mass of Ca atoms at the top of TM1, at the bending point in TM1 and at the base of TM1 and used the law of cosines to compute the angle connecting those points.
To identify binding pocket waters, we first calculated the average position of glucose during a stable portion of occluded simulation (Simulation 9, 0.3-0.8 ms), chosen because glucose stably resides in the binding pocket in that state. Across all simulations, we counted a water molecule as present in the binding pocket if it fell within 5 Å of glucose in the previously determined average position, after aligning each simulation on an averaged structure of the occluded state, which required use of the TopoTools VMD plugin 1.7.
QUANTIFICATION AND STATISTICAL ANALYSIS
The bar graphs in Figures 4, 7 , and S7 represent mean ± SD. Each measurement was repeated at least three times independently. The statistical analyses of the structural models were given in Table S1 .
DATA AND SOFTWARE AVAILABILITY
The crystal structures of LbSemiSWEET have been deposited in the Protein Data Bank, with accession numbers PDB: 5UHS (outward-open) and PDB: 5UHQ (inward-open). The standard crystallography and MD simulation software used in this study is available from web servers listed in the Key Resources Table. e5 Cell 
